Featured Application: IPCC's Guidelines for National Greenhouse Gas Inventories do not take into account the net CO 2 emissions due to the Portland cement clinker manufacturing; i.e., the amount emitted as a consequence of the calcination process of the raw material in the clinker production less the CO 2 absorption occurred by the concrete carbonation. This article points out that it is clear that the net assessment should be taken into account in the future climatic models.
Introduction
According to The Intergovernmental Panel on Climate Change (IPCC) [1, 2] , from 1750 until 2011, the CO 2 emissions coming from the use of fossil fuels and cement production released an average of about 375 GtC year −1 (from 345 to 405). Between 2002 and 2011, the average emission of fossil fuels and cement production stood at 8.3 GtC year −1 (from 7.6 to 9.0), showing an annual growth of 3.2%, which is greater than what was recorded in the 1990s, which was 1%. In 2011 alone, the fossil fuel emissions amounted to 9.5 GtC year −1 (from 8.7 to 10.3) [2] . Figure 1 shows the anthropogenic world emissions of greenhouse gases (GHG) by economic sectors. It must be pointed out that the anthropogenic emissions anthropogenic world emissions of greenhouse gases (GHG) by economic sectors. It must be pointed out that the anthropogenic emissions of greenhouse gases (GHG) have almost doubled in the past 50 years ( Figure 2 ). In that same period, CO2 emissions in the cement sector have increased fourfold. The economic sectors that most affect the direct world emissions of greenhouse gases (GHG) are the electricity and heat production (25%), industry (21%), and transport (14%). All of them represent 60% of the global direct GHG emissions (Figure 1 ). In particular, the effect of the electricity, heat production, and transport (39%) could be reduced by means of technological improvements (better thermal insulations, usage of the hydrogen power, fuel cells, electrical engines, and so on). Therefore, a lower contribution of these economic sectors would be expected in the near future. With regard to the industrial sector, such reduction of emissions of greenhouse gases (GHG) is a sensitive matter. Figure 1 . World emissions of greenhouse-effect gases (GHG) by economic sectors [2] . Definition of AFOLU: Agriculture, Forestry and Other Land Use.
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On the other hand, indirect emissions of greenhouse gases (GHG) are mainly due to buildings (12%) and industry (11%). Considering together direct and indirect emissions of both economic sectors, the impact of buildings (18.4%) and industry (32%) became of great significance. Figure 2 shows the evolution of the world emissions of greenhouse gases (GHG) from 1970 to 2010 by economic sectors. In the last decade (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , the increase in emissions attributed to industry 3 of 16 (+45%) and energy (+36%) was higher than three quarters (+81%). These data suggest the need to implement technological measures to reduce the mentioned emissions.
In order to register the contribution of the European countries to the EU record of emissions, the Union's registers guarantee exact accounting of all the emission rights allocated as a result of the European Union Emissions Trading System (EU ETS). The register keeps a record of the ownership of the emission rights that appear in the electronic accounts in the same way that a bank keeps a record of customers and their respective funds.
The European Union Transactions Log (EUTL) automatically checks, records, and authorizes all the operations between union account records. This guarantees that all the transfers comply with the EU ETS standards. The EUTL is the successor to the Community Independent Transaction Log (CITL), which performed the same function before the union register was introduced.
The data contained in the union records include the 31 countries that take part in the European Union Emissions Trading System (EU ETS), which is merely an online database that stores the accounts of holders of fixed installations. According to the data, the Portuguese industry subject to emission rights emitted 4.6 million tons of carbon dioxide in 2015 (total absolute gross CO 2 emissions without biomass emissions), which is 31.25% less than in 2005 (6.7 million tons of carbon dioxide). Figure 3 shows the trends in the world average temperatures on the surface, land, and oceans combined between 1850 and 2012 [1]. It is evident that from 1950 up to now, there is an increase in the world average temperatures on the surface, land, and oceans.
Effect of Emissions on Atmospheric CO 2 and Global Temperature
Appl. Sci. 2020, 10, x FOR PEER REVIEW  3 of 16 On the other hand, indirect emissions of greenhouse gases (GHG) are mainly due to buildings (12%) and industry (11%). Considering together direct and indirect emissions of both economic sectors, the impact of buildings (18.4%) and industry (32%) became of great significance. Figure 2 shows the evolution of the world emissions of greenhouse gases (GHG) from 1970 to 2010 by economic sectors. In the last decade (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , the increase in emissions attributed to industry (+45%) and energy (+36%) was higher than three quarters (+81%). These data suggest the need to implement technological measures to reduce the mentioned emissions.
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Effect of Emissions on Atmospheric CO2 and Global Temperature
In addition, global land temperature is considered as a climate change indicator. In this respect, 2015 was the warmest year, and 2006-2015 the warmest decade reported worldwide since 1880 ( Figure 3 ). In addition, the global average surface temperature has risen at an average rate of 0.08 • C per decade since 1901.
Carbon dioxide, CO 2 , is a gas that exists in the air in a proportion of 0.03-0.04% in volume. Figure 4 shows the way that this gas has evolved historically in the atmosphere ranging from 280 ppm in the preindustrial era to 400 ppm at the present time. Therefore, the rate at which this gas increases in the atmosphere is around 1-2 ppm/year. The data to obtain such conclusions come from ice core studies and recent air monitoring measurements. In addition, global atmospheric concentrations of methane, nitrous oxide, and other manufactured greenhouse gases have risen over the last years. Obviously, the current global atmospheric concentrations of carbon dioxide are soared to unprecedented levels compared with the last years. The sea surface temperature is a climate change indicator that increased during the 20 th century and continues to rise. From 1901 through 2015, the temperature rose at an average rate of 0.07 °C per decade. Sea surface temperature has been particularly higher during the last 30 years than at any other period since 1880. Apparently, sea surface temperature appears to have cooled between 1880 and 1910. Nevertheless, it increased particularly between 1910 and 1940 and from 1970 to the present. Finally, it should be considered that changes in sea surface temperature vary regionally. Given that, some few areas have experienced cooling, whereas most of the world's oceans have reported temperature rise.
In addition, global land temperature is considered as a climate change indicator. In this respect, 2015 was the warmest year, and 2006-2015 the warmest decade reported worldwide since 1880 ( Figure 3 ). In addition, the global average surface temperature has risen at an average rate of 0.08 °C per decade since 1901.
Carbon dioxide, CO2, is a gas that exists in the air in a proportion of 0.03-0.04% in volume. Figure 4 shows the way that this gas has evolved historically in the atmosphere ranging from 280 ppm in the preindustrial era to 400 ppm at the present time. Therefore, the rate at which this gas increases in the atmosphere is around 1-2 ppm/year. The data to obtain such conclusions come from ice core studies and recent air monitoring measurements. In addition, global atmospheric concentrations of methane, nitrous oxide, and other manufactured greenhouse gases have risen over the last years. Obviously, the current global atmospheric concentrations of carbon dioxide are soared to unprecedented levels compared with the last years. It is well known that the carbon dioxide concentrations have increased significantly since the beginning of the industrial era. Carbon dioxide concentrations have risen from 280 ppm in the late 1700s to 401 ppm in 2015, as reported recently in some places. This huge increase (43%) is attributed mainly to human activities.
The most abundant greenhouse gas (GHG) in the atmosphere is the water vapor. However, the human activities have a small direct influence on the water vapor atmospheric concentrations. On the contrary, the human activities have a clear indirect influence through irrigation and deforestation. It is well known that the carbon dioxide concentrations have increased significantly since the beginning of the industrial era. Carbon dioxide concentrations have risen from 280 ppm in the late 1700s to 401 ppm in 2015, as reported recently in some places. This huge increase (43%) is attributed mainly to human activities.
Carbon Dioxide Emissions by the Cement Sector
The most abundant greenhouse gas (GHG) in the atmosphere is the water vapor. However, the human activities have a small direct influence on the water vapor atmospheric concentrations. On the contrary, the human activities have a clear indirect influence through irrigation and deforestation.
Currently, cement production is considered as responsible for approximately 7.4% of the global carbon dioxide emission (2.9 Gtons in 2016). Thus, the cement industry will play a key role in reducing carbon dioxide emissions to minimize climate change. The cement industry has hugely reduced the carbon dioxide emissions per ton of cement from the last century ( Figure 5 ) [4, 5] , but the cement production is growing worldwide due to the economic growth, notably in developing countries.
Currently, cement production is considered as responsible for approximately 7.4% of the global carbon dioxide emission (2.9 Gtons in 2016). Thus, the cement industry will play a key role in reducing carbon dioxide emissions to minimize climate change. The cement industry has hugely reduced the carbon dioxide emissions per ton of cement from the last century ( Figure 5 ) [4, 5] , but the cement production is growing worldwide due to the economic growth, notably in developing countries. In 2016, the worldwide cement production was about 4.65 Gt ( Figure 5 ) [4] , where China produced 52% and the rest of Asia produced 28.5% of the world's production. Europe (The European Cement Association (CEMBUREAU) members) only manufactures 5.3% of the world's cement. Several CO2 management approaches have been used in the last years in order to lower the climatic change impact and according to the project developed by the World Business Council for Sustainable Development and the Cement Sustainability Initiative (WBCSD-CSI) named "Getting the Numbers Right" (GNR), The European Union (EU28) cement industry has significantly decreased the environmental impact [5] . Table 1 shows such sharp decline from 2005 to 2015. Table 1 . Objectives to decrease the carbon dioxide emissions in the European cement industry [5] .
Carbon Dioxide Emissions Reduction (Per Ton of Clinker or Cementitious) Grey Clinker Cementitious
Gross carbon dioxide emissions −9% Data −13% Net carbon dioxide emissions −17% −21%
Carbon dioxide emissions per ton of clinker are approximately about 825-890 kg CO2 ( Figure 6 ) [5] , when a modern clinker kiln technology is considered. The worldwide average is about 840 kg CO2. Nevertheless, the medium-term target on carbon dioxide emission levels should be lower than 400 kg per ton of cement. Emission levels of around 350-410 kg per ton of cement have been suggested [6] . The cement industry is working hard to achieve this target by increasing clinker substitution (production of blended cements), the use of alternative fuels and raw materials, and thermal energy efficiency measures. Based on the use of the same technologies of clinker fabrication, these measures will lead to lowering the global average carbon dioxide emissions from 630 kg CO2/t cement in 2015 to around 550 kg CO2/t cement in 2050, which is far away from the target threshold level of 400 kg per ton of cement. In particular, García-Gusano et al. [7] suggested that the Spanish cement industry is able to lower the carbon dioxide emissions between 2010 and 2050 without carbon capture and storage (CCS) by only 21%. Nevertheless, for this account, carbon dioxide uptake
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In 2016, the worldwide cement production was about 4.65 Gt ( Figure 5 ) [4] , where China produced 52% and the rest of Asia produced 28.5% of the world's production. Europe (The European Cement Association (CEMBUREAU) members) only manufactures 5.3% of the world's cement. Several CO 2 management approaches have been used in the last years in order to lower the climatic change impact and according to the project developed by the World Business Council for Sustainable Development and the Cement Sustainability Initiative (WBCSD-CSI) named "Getting the Numbers Right" (GNR), The European Union (EU28) cement industry has significantly decreased the environmental impact [5] . Table 1 shows such sharp decline from 2005 to 2015. Table 1 . Objectives to decrease the carbon dioxide emissions in the European cement industry [5] .
Carbon Dioxide Emissions Reduction (Per Ton of Clinker or Cementitious) Grey Clinker Cementitious
Carbon dioxide emissions per ton of clinker are approximately about 825-890 kg CO 2 ( Figure 6 ) [5] , when a modern clinker kiln technology is considered. The worldwide average is about 840 kg CO 2 . Nevertheless, the medium-term target on carbon dioxide emission levels should be lower than 400 kg per ton of cement. Emission levels of around 350-410 kg per ton of cement have been suggested [6] . The cement industry is working hard to achieve this target by increasing clinker substitution (production of blended cements), the use of alternative fuels and raw materials, and thermal energy efficiency measures. Based on the use of the same technologies of clinker fabrication, these measures will lead to lowering the global average carbon dioxide emissions from 630 kg CO 2 /t cement in 2015 to around 550 kg CO 2 /t cement in 2050, which is far away from the target threshold level of 400 kg per ton of cement. In particular, García-Gusano et al. [7] suggested that the Spanish cement industry is able to lower the carbon dioxide emissions between 2010 and 2050 without carbon capture and storage (CCS) by only 21%. Nevertheless, for this account, carbon dioxide uptake by the mortar and concrete should be taken into account. The use of low CO 2 -intensity cements combined with the consideration of the carbon dioxide uptake by mortars and concretes will allow the sector to meet 550 kg CO 2 /ton of cement target in 2050. by the mortar and concrete should be taken into account. The use of low CO2-intensity cements combined with the consideration of the carbon dioxide uptake by mortars and concretes will allow the sector to meet 550 kg CO2/ton of cement target in 2050. Figure 6 shows the gross carbon dioxide emissions for grey clinker from 2005 to 2015. The gross carbon dioxide emissions are the direct carbon dioxide emissions, excluding on-site electricity production, minus emissions from biomass fuel sources. Figure 7 shows the CO2 emissions due to the process and the combustion per ton of cement in several countries from 1990 to 2003 [8] . The weighted average of the carbon dioxide emissions is only decreasing at a slow pace. On one hand, the European countries are proposing new cements including a higher amount of additions, but on the other hand, the USA, among other countries, continues using mainly OPC with a very high clinker/cement ratio. The effort made in the European countries is reflected in The European Prestandard prEN 197-1:2019 with the incorporation of new types of cements. For instance, Germany has reduced the clinker/cement ratio dramatically in the last years (green line in Figure 7 ). This country is reducing the CEM I production, while at the same time the CEM II production increases. Another good example is found in the Spanish data (light blue line in Figure 7 ). In the year 1996, the Spanish emissions were lower than 0.8 kg CO2 per ton of cement as a consequence of using siliceous fly ash, natural pozzolan, blast-furnace slag, and limestone as cement constituents. Currently, this parameter is about 0.7 kg CO2 per ton of cement. This trend is good and could be improved in the coming years. Figure 6 shows the gross carbon dioxide emissions for grey clinker from 2005 to 2015. The gross carbon dioxide emissions are the direct carbon dioxide emissions, excluding on-site electricity production, minus emissions from biomass fuel sources. Figure 7 shows the CO 2 emissions due to the process and the combustion per ton of cement in several countries from 1990 to 2003 [8] . The weighted average of the carbon dioxide emissions is only decreasing at a slow pace. On one hand, the European countries are proposing new cements including a higher amount of additions, but on the other hand, the USA, among other countries, continues using mainly OPC with a very high clinker/cement ratio. The effort made in the European countries is reflected in The European Prestandard prEN 197-1:2019 with the incorporation of new types of cements. For instance, Germany has reduced the clinker/cement ratio dramatically in the last years (green line in Figure 7 ). This country is reducing the CEM I production, while at the same time the CEM II production increases. Another good example is found in the Spanish data (light blue line in Figure 7 ). In the year 1996, the Spanish emissions were lower than 0.8 kg CO 2 per ton of cement as a consequence of using siliceous fly ash, natural pozzolan, blast-furnace slag, and limestone as cement constituents. Currently, this parameter is about 0.7 kg CO 2 per ton of cement. This trend is good and could be improved in the coming years.
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Finally, Figure 8 provides information on the direct carbon dioxide emissions due to the cement production in the period from 1970 to 2050. In addition, the figure shows the prediction in carbon dioxide emissions in the coming decades with the corrected trend if actions on carbon capture were undertaken [9] . In the year 1970, 500 million tons of carbon dioxide emissions were reported by the cement industry. Carbon dioxide emissions have more than doubled during the period from 1970 to 2000. The cement industry has trebled its carbon dioxide emissions in the last 40 years (from 1970 to 2010). The prediction in carbon dioxide emissions in the coming decades will depend on the degree of implementation of carbon capture and storage (CCS) techniques in the cement sector.
Carbon capture and storage (CCS) is a technology that can capture carbon dioxide emissions produced from the calcination and the use of fossil fuels in the clinker kiln, preventing the carbon dioxide from entering the atmosphere. Furthermore, the use of carbon capture and storage techniques with renewable biomass is a type of carbon abatement technology. That is, it can be used to remove carbon dioxide from the atmosphere. In particular, capture technologies allow the separation of carbon dioxide from gases produced in the clinkerization process by pre-combustion capture, post-combustion capture, and/or oxyfuel combustion.
Carbon Dioxide Uptake by Concrete
Most of the carbon dioxide emissions from the Spanish Portland cement industry come from the calcination of limestone (60-64%) rather than from fuel combustion. On the other hand, part of these emissions is uptake by the mortar and concrete due to their carbonation during their exposition to the environment. The chemistry of carbonation has been reviewed in many papers [10] [11] [12] . In summary, carbonation is produced because carbon dioxide is a gas present in the atmosphere that penetrates throughout the capillary pore network of concretes and mortars, where it is dissolved in the pore solution and reacts with calcium ions [10] and other alkaline species [11, 12] produced by the Portland cement paste. Calcium carbonate has a very low solubility; then, it precipitates. With regard to the pozzolanic constituents present in the cement as well as ground granulated blast-furnace slag, they decrease the amount of calcium hydroxide in the binder due to the lower content in clinker when they are used, but they increase the amount of C-S-H gel. In addition, they lower the Ca/Si ratio of the C-S-H gel [13] . Consequently, the amount of calcium hydroxide that is able to be carbonated and the composition of the C-S-H gel depend on the type and amount of the cement constituents (fly ash, natural pozzolana, ground granulated blast-furnace slag, and so on) [14] . Additionally, blast-furnace slag has some components that contribute to the carbon In the year 1970, 500 million tons of carbon dioxide emissions were reported by the cement industry. Carbon dioxide emissions have more than doubled during the period from 1970 to 2000. The cement industry has trebled its carbon dioxide emissions in the last 40 years (from 1970 to 2010). The prediction in carbon dioxide emissions in the coming decades will depend on the degree of implementation of carbon capture and storage (CCS) techniques in the cement sector.
Most of the carbon dioxide emissions from the Spanish Portland cement industry come from the calcination of limestone (60-64%) rather than from fuel combustion. On the other hand, part of these emissions is uptake by the mortar and concrete due to their carbonation during their exposition to the environment. The chemistry of carbonation has been reviewed in many papers [10] [11] [12] . In summary, carbonation is produced because carbon dioxide is a gas present in the atmosphere that penetrates throughout the capillary pore network of concretes and mortars, where it is dissolved in the pore solution and reacts with calcium ions [10] and other alkaline species [11, 12] produced by the Portland cement paste. Calcium carbonate has a very low solubility; then, it precipitates. With regard to the pozzolanic constituents present in the cement as well as ground granulated blast-furnace slag, they decrease the amount of calcium hydroxide in the binder due to the lower content in clinker when they are used, but they increase the amount of C-S-H gel. In addition, they lower the Ca/Si ratio of the C-S-H gel [13] . Consequently, the amount of calcium hydroxide that is able to be carbonated and the composition of the C-S-H gel depend on the type and amount of the cement constituents (fly ash, natural pozzolana, ground granulated blast-furnace slag, and so on) [14] . Additionally, blast-furnace slag has some components that contribute to the carbon dioxide uptake by the Portland cement paste Appl. Sci. 2020, 10, 339 8 of 16 present in mortars and concretes [15] . Therefore, the carbonation increases in cement-based materials with ground granulated blast-furnace slag [16, 17] in relation to their clinker content.
Some studies have been performed to determine the carbon dioxide uptake in order to ensure a better carbon dioxide emissions balance. For instance, a Swiss study estimated that about 9.4-10.1% of the calcination and fuel carbon dioxide emissions of the Portland cement utilized in 2010 [18] were uptake during the concrete structures' service life. This means that about 6% of the carbon dioxide emissions coming from the calcination were uptake (considering that the ratio of the carbon dioxide emission from calcination and fuel is 60:40).
A worldwide study has estimated a carbon dioxide uptake of 43% of the CO 2 emissions from the production of Portland cement by concretes and mortars from 1930 to 2013 [19] . This study considers the service life period, end-of-life stage, and secondary use after demolition. In addition, it assumes a degree of carbonation of about 80% in the carbonated area. Other papers suggested a full carbon dioxide uptake (100% uptake) of the one emitted by calcination [20, 21] .
However, more conservative studies proposed lower carbon dioxide uptake levels [22] [23] [24] . A previous Spanish project reported much lower carbon dioxide uptake values (3-4%) as a consequence of the lower surface/volume ratio considered (S/V = 3) in the concrete elements for a degree of carbonation measured at one year of exposure [25] . These results were updated to 10.8-11.2% of the carbon dioxide produced annually during the calcination process, considering the degree of carbonation measured after four years of exposure [15] .
The present paper covers some background of carbon dioxide uptake and also includes the results of the simplest method proposed by the "recarbonation project" sponsored by The Portland Cement Association (PCA), The European Cement Association (CEMBUREAU), The Cement Sustainability Initiative (CSI), and Cementa in 2018 [26] . This methodology is applied to the cement-based materials used in Spain first during their service life, and secondly, after the end-of-life and secondary usage stages.
Methodology
The method followed to calculate the carbon dioxide uptake by the Spanish cement industry is the one proposed by the "recarbonation project" sponsored by The Portland Cement Association (PCA), The European Cement Association (CEMBUREAU), The Cement Sustainability Initiative (CSI), and Cementa in 2018 [26] . This procedure provides a simplified calculation for estimating the annual uptake of CO 2 in concrete during its use stage on a national basis. In this paper, the annual uptake in the end-of-life stage and secondary use is also considered. The annual carbon dioxide uptake (ACDU) values are related to the reported calcination CO 2 emissions. Therefore, yearly carbon dioxide uptake in the use stage has been calculated by applying Equation (1) and during the end-of-life and secondary use by applying Equation (2) . Based on the study performed by the IVL [26] , we have considered the following α and β parameters: α = 0.20 and β = 0.03.
ACDU (service life) = α × IPCC reported calcination emissions
(1)
Such a method has been applied to the cements produced in Spain from 2005 to 2015, independently of their final use.
Results and Discussion
Maximum Amount of Carbon Dioxide that Can Be Absorbed
The maximum amount of carbon dioxide that can be absorbed according to EN [27] is calculated by applying Equation (3), and the result is shown in Table 2 . where CO 2,max : maximum amount of carbon dioxide that can be absorbed, kg CO 2 /kg cement; CaO reactive : kg CaO/kg binder × 100, and this value is taken as 65% (average value of the Spanish clinkers); binder: amount of cement (kg); M CO2 : 44.0 g/mol; M CaO : 56.1 g/mol. However, it does not consider the possible carbonation of other Portland cement components [11, 12] such as the alkaline compounds forming alkaline carbonates Equation (4).
where CaO: kg CaO/kg Portland cement × 100; 0.7 × (SO 3 ) CaSO4 : kg CaO released from CaSO 4 /kg Portland cement × 100; Na 2 O: kg Na 2 O/kg Portland cement × 100; K 2 O: kg K 2 O/kg Portland cement × 100; M CO2 : 44 g/mol; M CaO : 56 g/mol; M Na2O : 62 g/mol; and M K2O : 94 g/mol.
If we apply Equation (3) to a CEM I with 95% clinker that contains 65% CaO reagent, it holds that the maximum amount of carbon dioxide that can be absorbed, according to EN, is equal to CO 2,max = (65/100) × 0.95 × (44/56) = 0.49 kg CO 2 /kg CEM I. This value only applies to cement with 95% clinker (CEM I) [28] . As far as other cements are concerned, this value will drop in proportion to the clinker content. Table 2 has been prepared in order to be able to rapidly display the maximum amount of carbon dioxide that the different can EN 197-1 cements could be absorb in theoretical and unreal circumstances.
In fact, to calculate the maximum amount of carbon dioxide that can be absorbed for a cement, it could be considered that 100% of the Ca (OH) 2 of the portlandite (CH) and of the aluminates (AF t , AF m ) is carbonated, but only 50% of the C-S-H gel might be carbonated. Considering that in a cement paste with 65.3% of CaO, 31.4% of such CaO is bound to C-S-H gel and the rest is bound to portlandite, Ca(OH) 2 , AF m and AF t phases, it would be necessary to take into account that only a maximum of 76% of the CaO in the Portland cement clinker could be carbonated Equation (5) . 
where C: clinker content in the cement, kg clinker/kg Portland cement × 100; CaO: CaO content in the Portland cement clinker (~0.65); M CO2 : 44 g/mol; and M CaO : 56 g/mol. 
Carbon Dioxide Uptake by the Spanish Cements
The amount of carbon dioxide that can be absorbed during the service life ( Figure 9 ) of a product manufactured with cement is calculated with a fixed conservative value using the simplified methodology. This value could either be 15% or 20% [27] of the CO 2 emissions owing to the process of calcination that is a long way from the maximum theoretical value of carbon dioxide that can be absorbed (around 490 kg of CO 2 per tonne in the case of a cement without addition, CEM I).
CaO (carbonated) = 100 × (33.9/65.3) + 50 × (31.4/65.3) = 76% (5) Fraction of the cement able to be carbonated = 0.76 × C × CaO × (MCO2/MCaO) (6) where C: clinker content in the cement, kg clinker/kg Portland cement × 100; CaO: CaO content in the Portland cement clinker (~0.65); MCO2: 44 g/mol; and MCaO: 56 g/mol.
The amount of carbon dioxide that can be absorbed during the service life ( Figure 9 ) of a product manufactured with cement is calculated with a fixed conservative value using the simplified methodology. This value could either be 15% or 20% [27] of the CO2 emissions owing to the process of calcination that is a long way from the maximum theoretical value of carbon dioxide that can be absorbed (around 490 kg of CO2 per tonne in the case of a cement without addition, CEM I). Figure 9 . Circular economy in the cement production sector. Figure 9 . Circular economy in the cement production sector.
The Spanish domestic data for CO 2 emissions have been used to directly apply the simplified methodology to estimate CO 2 absorption ( Figure 10 ). Such emissions have fallen from 2005 to 2015 as a consequence of the drop in clinker production ( Figure 11 ).
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The Spanish domestic data for CO2 emissions have been used to directly apply the simplified methodology to estimate CO2 absorption ( Figure 10 ). Such emissions have fallen from 2005 to 2015 as a consequence of the drop in clinker production ( Figure 11 ). The taxonomy report [29] proposes a limit value for clinker production of 766 kgCO2/tclinker. This value is lower than the reported for the Spanish clinkers shown in Figure 12 . Such report also suggests threshold values for other parameters (clinker/cement ratio < 0.65; kgCO2/tcement < 498, and kWh/tcement < 85). This proposal was presented with very strict limits on CO2 emissions and energy demand in cement production. Therefore, it will be very difficult to meet in many cases, particularly in CEM I production [28] .
All in all, if a factor of 0.20 is applied to the CO2 calcination emissions Equation (1) (which is what is proposed in the IVL simplified methodology [26] ), given that, CO2 absorption in Spanish cement manufacturing plants attributed to the service life period has been estimated at 27, 358 .481 tons of CO2 in the period from 2005 to 2015 (Figure 13 ). In a similar way, the CO2 absorption estimation during the end-of-life and secondary use was calculated by using Equation (2) , and the results are also given in Figure 13 . The taxonomy report [29] proposes a limit value for clinker production of 766 kg CO2 /t clinker . This value is lower than the reported for the Spanish clinkers shown in Figure 12 . Such report also suggests threshold values for other parameters (clinker/cement ratio < 0.65; kg CO2 /t cement < 498, and kWh/t cement < 85). This proposal was presented with very strict limits on CO 2 emissions and energy demand in cement production. Therefore, it will be very difficult to meet in many cases, particularly in CEM I production [28] .
All in all, if a factor of 0.20 is applied to the CO 2 calcination emissions Equation (1) (which is what is proposed in the IVL simplified methodology [26] ), given that, CO 2 absorption in Spanish cement manufacturing plants attributed to the service life period has been estimated at 27, 358 .481 tons of CO 2 in the period from 2005 to 2015 (Figure 13 ). In a similar way, the CO 2 absorption estimation during the end-of-life and secondary use was calculated by using Equation (2), and the results are also given in Figure 13 .
All in all, if a factor of 0.20 is applied to the CO2 calcination emissions Equation (1) (which is what is proposed in the IVL simplified methodology [26] ), given that, CO2 absorption in Spanish cement manufacturing plants attributed to the service life period has been estimated at 27, 358 .481 tons of CO2 in the period from 2005 to 2015 (Figure 13 ). In a similar way, the CO2 absorption estimation during the end-of-life and secondary use was calculated by using Equation (2), and the results are also given in Figure 13 . The CO 2 total amount for the end-of-life and secondary use between 2005 and 2015 is estimated at 3,932,272 tons of CO 2 . Summing up, it can be said that the total amount of carbon dioxide uptake of the Spanish cement industry from 2005 to 2015 is 31,290,753 tons of CO 2 (Figure 13 ). Figure 13 shows the carbon dioxide uptake by the cement-based materials produced with the Spanish cement manufactured between 2005 and 2015 considering the IVL simplified methodology [26] . (Only the CO 2 emitted as a result of the decarbonation process is taken into account, i.e., emissions due to fuel are not considered).
Climate models have been improved since the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (AR4). The ability of climate models to simulate temperature increase has enhanced in many significant aspects, though not all. Given that, the climate models evaluated by Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (AR5) do not take into account the net carbon dioxide emissions of the cement industry [30] . Therefore, all the models can be improved by adding this parameter. Figure 14 collects the results of the kg cement /(m 3 × MPa) indicator for 40 commercial concretes made in Spain [31] . This indicator, among others, is proposed to measure the environmental impact of the construction materials [29] . The results range from 5 to 14 kg cement /(m 3 × MPa). Most of the CEM I and half of the CEM II/A-V cements [28] range between 5 and 8 kg cement /(m 3 × MPa). As consequence, the higher the 28-day compressive strength, the lower the carbon dioxide indicator defined as kg cement /(m 3 × MPa). In addition, high-strength and high-performance concretes led to the design of slender concrete elements than using normal concrete. Given that, a lower amount of concrete is necessary. Consequently, it can be underlined that the global environmental impact of using this type of concrete is lower.
Carbon Dioxide Indicators for Concretes
Blended cements, which are recommended for aggressive environments because they are able to provide a longer service life of the concrete structures, exhibited higher carbon dioxide indicator values. Therefore, we share the view that the scientist should better suggest more adequate carbon dioxide indicators in which the concrete durability would be seen as a capital aspect. In addition, new cement types [32] and concrete designs [33] are developed in order to progress in accordance with the climate change actions [34] .
I and half of the CEM II/A-V cements [28] range between 5 and 8 kgcement/(m 3 × MPa). As consequence, the higher the 28-day compressive strength, the lower the carbon dioxide indicator defined as kgcement/(m 3 × MPa). In addition, high-strength and high-performance concretes led to the design of slender concrete elements than using normal concrete. Given that, a lower amount of concrete is necessary. Consequently, it can be underlined that the global environmental impact of using this type of concrete is lower. Blended cements, which are recommended for aggressive environments because they are able to provide a longer service life of the concrete structures, exhibited higher carbon dioxide indicator values. Therefore, we share the view that the scientist should better suggest more adequate carbon dioxide indicators in which the concrete durability would be seen as a capital aspect. In addition, new cement types [32] and concrete designs [33] are developed in order to progress in accordance with the climate change actions [34] . Finally, it is believed that the net assessment with regard to the anthropogenic CO 2 emissions of the cement sector should be taken into account in future climatic models due to the great significance of the clinker production. For instance, in 2016, the estimated contribution of the cement industry to the anthropogenic CO 2 emissions was 7.4% (2.9 Gtons CO 2 ) of world carbon dioxide emissions (39 Gtons CO 2 ). However, if we take into account the CO 2 uptake by applying the simplified methodology, such contribution is now estimated to be 6.3%, as shown in Equation (7) . Net CO 2 emissions = (Total CO 2 emissions) − (0.23 × Process CO 2 emissions) (7) where total CO 2 emissions in 2016: 2.9 Gtons CO 2 ; and process CO 2 emissions in 2016: 0.64 × 2.9 Gtons CO 2 = 1.86 Gtons CO 2 . In this case, it is assumed that 64% of the total carbon dioxide emissions are due to the calcination process. Therefore, the net CO 2 emissions in 2016 are 2.47 Gtons CO 2 .
Conclusions
The conclusions reached with this study are as follows:
• Carbon dioxide absorption attributed to the Spanish cements produced from 2005 to 2015 was estimated at 31,290,753 tons when using the simplified methodology, i.e., applying a factor of 0.20 during the service life and 0.03 for the end-of-life and secondary use.
•
The net carbon dioxide emissions related to the Portland cement clinker industry (CO 2 released in clinker fabrication minus CO 2 uptake by concrete carbonation) should be implemented in the climatic models of the next IPCC assessment report. • This simplified model developed by experts in the mortar and concrete carbonation field should be validated by each country. Thus, it will allow the national climate change offices to implement these methodologies in the national greenhouse gas inventories. 
